Background: Single-legged hop tests are commonly used functional performance measures that can capture limb asymmetries in patients after anterior cruciate ligament (ACL) reconstruction. Hop tests hold potential as predictive factors of self-reported knee function in individuals after ACL reconstruction.
Results: Eighty-five patients completed single-legged hop tests 6 months after surgery and the 1-year follow-up with 68 patients classified as having self-reported knee function within normal ranges 1 year after reconstruction. The crossover hop and 6-m timed hop limb symmetry index (LSI) 6 months after ACL reconstruction were the strongest individual predictors of self-reported knee function (odds ratio, 1.09 and 1.10) and the only 2 tests in which the confidence intervals of the discriminatory accuracy (AUC) were above 0.5 (AUC = 0.68). Patients with knee function below normal ranges were over 5 times more likely of having a 6-m timed hop LSI lower than the 88% cutoff than those with knee function within normal ranges. Patients with knee function within normal ranges were 4 times more likely to have a crossover hop LSI greater than the 95% cutoff than those with knee function below normal ranges. No preoperative single-legged hop test predicted self-reported knee function within normal ranges 1 year after ACL reconstruction (all P . .353).
Conclusion: Single-legged hop tests conducted 6 months after ACL reconstruction can predict the likelihood of successful and unsuccessful outcome 1 year after ACL reconstruction. Patients demonstrating less than the 88% cutoff score on the 6-m timed hop test at 6 months may benefit from targeted training to improve limb symmetry in an attempt to normalize function. Patients with minimal side-to-side differences on the crossover hop test at 6 months possibly will have good knee function at 1 year if they continue with their current training regimen. Preoperative single-legged hop tests are not able to predict postoperative outcomes.
Keywords: anterior cruciate ligament reconstruction; hop testing; self-report measure; knee function Anterior cruciate ligament (ACL) injuries are prevalent in athletics, 15 with more than 125,000 ACL reconstructions performed annually in the United States. 24, 27 Athletes are frequently counseled to undergo ACL reconstruction with the expectation that surgery will restore knee function and facilitate return to previous levels of activity. 33, 39 Surgical reconstruction of the ACL, however, does not guarantee a return to previous levels of activity, good knee function, or future joint preservation. 7, 14, 33 Although returning to preinjury levels or back to sport may be a short-term goal after reconstruction, 6 intent to return to sports is not predictive of actual return to play. 3 Patients may reduce their activity levels for a variety of reasons, including social reasons, knee problems, or fear of reinjury. 39, 52 The International Knee Documentation Committee 2000 subjective knee form (IKDC 2000) is a knee-specific outcome measure for assessing symptoms, function, and sports activity. 25 The IKDC 2000 is frequently used to assess knee function in patients after ACL reconstruction and contains items highly relevant to individuals with a reconstructed ACL. 17 It differentiates patients with more knee symptoms from those with fewer symptoms, as well as those with lower knee function from those with higher knee function. 1 The normative database of the IKDC 2000 can be used as a standard of successful patient-reported outcomes. 16 Not all individuals regain satisfactory knee function after ACL reconstruction. 2, 4 Impairments or physical performance measures that predict successful knee function can be used to optimize rehabilitation to maximize knee function after ACL reconstruction.
Age, sex, body mass index (BMI), smoking, concomitant injuries, and physical impairments before and after surgery are important determinants of expected and final outcomes after ACL reconstruction 28, 29, 48 but do not fully explain the observed variance in knee function after ACL reconstruction and rehabilitation. Performance-based measures are important indicators of knee function after ACL reconstruction 48 and capture different aspects of overall knee performance and function from physical impairments. 13 Single-legged hop tests are performance-based measures used to assess the combination of muscle strength, neuromuscular control, confidence in the limb, and the ability to tolerate loads related to sports-specific activities. 46 These tests are commonly used to quantify knee performance in patients after reconstruction. 46, 48, 53 Hop tests hold potential as predictive factors in identifying selfreported knee function in individuals after ACL reconstruction. Single-legged hop tests can discriminate between those individuals who return to previous activity level from those who do not after ACL injury or reconstruction. 2, 11 In addition, involved limb deficits can be detected with single-legged hop tests, indicating that those individuals may need more targeted interventions to reduce limbto-limb differences. 36, 42 Although these tests have good discriminative ability, no studies have examined the predictive ability of hop tests for knee function after ACL reconstruction. The purpose of this study was to determine if single-legged hop tests could be used to predict mediumterm (1-year) self-reported knee function in patients after ACL reconstruction. We hypothesized that single-legged hop tests conducted preoperatively would not and those conducted 6 months after surgery would predict selfreported knee function 1 year after ACL reconstruction. If these simple tests of functional performance can identify those who will have unsuccessful outcome, they can be used to inform clinical decision making and direct interventions to improve knee function.
METHODS

Patients
Between October 2006 and May 2009, 160 patients with a unilateral ACL rupture (mean, 54.6 days from injury; range, 8-279 days from injury) were included in this prospective international cohort study. Eighty patients (50%) were included from site A (Oslo) and 80 patients from site B (Delaware). Patients ranged in age from 15 to 54 years (mean, 26.0) and were regular participants in level I or II activities (50 h/y) before ACL rupture. 5 Patients were excluded if they had concomitant ligamentous injury, bilateral lower limb involvement, symptomatic meniscal injury, fracture, or full-thickness articular cartilage damage. The ACL rupture was confirmed by magnetic resonance imaging and 3-mm side-to-side difference 5 with a KT-1000 arthrometer (MedMetrics, San Diego, California).
Of the 160 patients included in this study, 37 (23.1%) chose to pursue nonoperative management. Three patients were lost to follow-up, and we were not able to determine if they had undergone ACL reconstruction. One hundred twenty subjects (75.0%) underwent reconstructive surgery and compose the target population in this study. The flow diagram for subject participation in this study is presented in Figure 1 . All patients gave informed consent at the time of inclusion. The study was approved by the ethical/human subjects committees at the Regional Ethics Committee for South-Eastern Norway and University of Delaware.
Testing and Rehabilitation
All patients underwent initial rehabilitation to address acute impairments. Once patients had minimal knee effusion, no limitations in knee range of motion, a quadriceps side-to-side strength deficit less than 30%, and the ability to hop on the involved limb without subsequent pain or effusion, they were enrolled in a 10-session preoperative rehabilitation program. 12 Preoperative rehabilitation consisted of a progressive exercise training program emphasizing aggressive quadriceps strengthening and specialized perturbation training to restore muscle strength and appropriate neuromuscular responses. Muscle strength training involved the use of high loads and low repetitions as recommended by the American College of Sports Medicine position stand on progression models in resistance training for healthy adults 45 for nonweightbearing (open chain) and weightbearing (closed chain) quadriceps strengthening exercises. 10, 20 Perturbation training was administered according to the protocol outlined by Fitzgerald et al. 12 Upon completion of the preoperative rehabilitation phase, patients performed 4 single-legged hop tests: the single hop for distance (single hop), crossover hop for distance (crossover hop), triple hop for distance (triple hop), and 6-meter timed hop (6-m timed hop) ( Figure 2 ). 40 These 4 tests have demonstrated good test-retest reliability in normal, young adults 49 and in patients after ACL reconstruction. 46 The single hop for distance was performed with the patient standing on the leg to be tested, hopping as far as possible, and landing on the same leg. For the crossover hop for distance, patients stood on 1 leg, then hopped as far as possible forward 3 times while alternately crossing over a 15-cm marked strip on the floor. The total distance hopped forward was recorded. The triple hop for distance was performed with the patient standing on 1 leg and performing 3 consecutive hops as far as possible. The single hop, the crossover hop, and the triple hop for distance were considered successful if the landing was stable. To be considered a valid trial, the landing must be on 1 limb, under complete control of the patient. If the patient landed with early touchdown of the contralateral limb, had loss of balance, touched the wall, or had additional hops after landing, the hop was repeated. Patients were instructed to begin with the uninjured leg, with their lead toe behind a marked starting line. The hop distance was measured to the nearest centimeter from the starting line to the patient's heel with a standard tape measure. For the 6-m timed hop, patients stood on 1 leg, then hopped as fast as possible over a marked distance of 6 meters. The time was recorded with a standard stopwatch. The stopwatch was started when the patient's heel left the floor and stopped when the patient crossed the finish line. Measurements were recorded to the nearest 100th of a second. All single-legged hop tests were conducted by physical therapists who had undergone detailed training in the test procedures. In accordance with the respective clinic guidelines, no patients wore a knee brace at site A (Oslo), whereas all patients wore a functional knee brace at site B (Delaware). All other test procedures were similar at the 2 sites.
All patients (n = 120) underwent reconstructive surgery with a semitendinosus-gracilis autograft, bone-patellar tendon-bone autograft, or soft tissue allograft. After surgery, the same ACL reconstruction rehabilitation guidelines were followed for all patients. 32, 47 Patients were systematically progressed through rehabilitation based on the clinical milestones outlined in the guidelines. They underwent the same 4 single-legged hop tests 6 months after surgery and completed the IKDC 2000 25 one year after surgery. The IKDC 2000 is a joint-specific outcome measure pertinent to a variety of knee conditions for assessing symptoms, function, and sports activity. 25
Subjects recruited October 2006 -May 2009 (n=160)
Site The form contains 18 questions, in which the total scores are expressed as a percentage from 0% to 100%, with higher scores representing better knee function and less symptoms. The IKDC 2000 is a valid and reliable selfreported outcome measure. 25 
Data Management and Statistics
The single-legged hop scores were calculated as the average of 2 measured trials for each limb. The limb symmetry index (LSI) was expressed as a percentage of the averaged involved limb hop distances divided by the averaged uninvolved limb hop distances for each patient and each hop distance test. For the 6-m timed hop, LSI was expressed as the percentage of the averaged uninvolved limb hop time divided by the averaged involved limb hop time.
Normative data of the IKDC 2000 for men and women with no current or previous knee problems have been previously established. 1 We operationally defined selfreported knee function within normal ranges as IKDC 2000 scores greater than or equal to the subject-specific age-and sex-matched population 15th percentile, indicating 85% of the uninjured population would describe their knee within normal ranges. The 15th percentile from the normative data from uninjured individuals was chosen as the cutoff score to ensure that individuals who scored below the cutoff were different from what could be considered a normal variation in IKDC scores. 16 The LSI from preoperative and 6-month postoperative single-legged hop tests was used to predict self-reported knee function at 1 year. Comparisons between patients from each site and individuals with knee function within normal ranges and below normal ranges were made using x 2 tests for nominal data and the Mann-Whitney U test for continuous data. Univariate logistic regression was performed to evaluate if hop test LSI preoperatively and 6 months postoperatively predicted knee function within normal ranges 1 year postoperatively. The resulting odds ratios were presented, representing the increase in odds of having self-reported knee function within normal ranges for every 1-point increase in LSI. Interaction was assessed in a logistic regression model that included hop test LSI, site, and a multiplicative interaction term. No interaction of site and hop test LSI preoperatively (all P . .11) and 6 months postoperatively (all P . .13) was found in predicting knee function within normal ranges 1 year postoperatively, and therefore data from both sites were merged for further analysis. The area under the curve (AUC) from receiver operating characteristic (ROC) curves were used to determine the overall discriminative accuracy of each single-legged hop test. 18 Optimal cutoff scores for each single-legged hop test were determined by the hop LSI with the highest product of sensitivity and specificity. The corresponding sensitivity, specificity, positive likelihood ratio, and negative likelihood ratio were reported. Sensitivity was reported as the percentage of patients with hop LSI below the cutoff value correctly identified as having knee function below normal ranges and specificity as the percentage of patients with hop LSI above the cutoff value correctly identified as having knee function within normal ranges. A priori a level of 0.05 was set for all analyses. All analyses were conducted in PASW version 18 (SPSS, Inc, an IBM Company, Chicago, Illinois).
RESULTS
Of the 120 patients who underwent ACL reconstruction, 101 (84%) performed preoperative hop testing, 100 (83%) completed 6-month hop testing, and 96 (80%) participated in 1year on-site testing, but 3 patients did not complete IKDC 2000 (Figure 1 ). Reasons for patients not completing hop testing were meniscal injury, poor dynamic stability, marked joint effusion, marked quadriceps weakness, soft tissue injury, pregnancy, rupture of the ACL graft, missed appointment, or relocated out of the area (Figure 1 ). No differences were found in IKDC 2000 scores between those who hopped and those who did not hop preoperatively (P = .357) or 6 months after ACL reconstruction (P = .858). Six months after ACL reconstruction, the mean (SD) IKDC 2000 score was 83.0 (12.9). One year after ACL reconstruction, the mean (SD) IKDC 2000 score was 90.8 (11.1).
Seventy-nine patients completed both preoperative single-legged hop tests and the 1-year follow-up. Sixtyone (77.2%) were classified as having self-reported knee function within normal ranges 1 year after reconstruction, meaning that their IKDC 2000 score was above the ageand sex-specific 15th percentile score of an uninjured population. The remaining 18 (22.8%) were classified as having knee function below normal ranges. There were no significant differences in preoperative hop test LSI between patients with IKDC 2000 scores within and below normal ranges ( Table 1) . None of the preoperative singlelegged hop tests significantly predicted self-reported knee function 1 year after ACL reconstruction ( Table 2) .
Eighty-five (70.8%) patients completed both singlelegged hop tests 6 months after surgery and the 1-year follow-up. Sixty-eight (80.0%) were classified as having self-reported knee function within normal ranges 1 year after reconstruction. No significant differences were seen in sex, preinjury activity level, or median age between patients with knee function within and below normal ranges ( Table 3) .
Patients who were classified as having self-reported knee function within normal ranges at the 1-year followup had significantly higher crossover hop and 6-m timed hop symmetry indexes 6 months after surgery ( Table 4 ). The single hop, crossover hop, triple hop, and the 6-m timed hop 6 months after ACL reconstruction significantly predicted self-reported knee function 1 year after ACL reconstruction ( Table 5 ). Of the 4 single-legged hop tests, the 6-m timed hop and the crossover hop were the strongest individual predictors of self-reported knee function (odds ratio [OR] = 1.10 for 6-m timed hop and 1.09 for crossover hop) and had the highest discriminative accuracy (AUC = 0.68 for 6-m timed hop and crossover hop). The discriminative accuracy (AUC), optimum cutoff scores, and corresponding sensitivity and specificity for the 4 individual single-legged hop tests are shown in Tables 4 and 6. The optimal cutoff for the 6-m timed hop was 87.7% LSI with a sensitivity of 53%, specificity of 90%, and positive likelihood ratio of 5.14. The optimal cutoff for the crossover hop was 94.9% LSI with a sensitivity of 88%, specificity of 47%, and negative likelihood ratio of 0.25.
DISCUSSION
The purpose of this investigation was to determine if preoperative and postoperative single-legged hop tests predict self-reported knee function 1 year after ACL reconstruction. Preoperative hop tests did not significantly predict self-reported knee function 1 year after ACL reconstruction. However, hop tests conducted 6 months postoperatively statistically significantly predicted self-reported knee function (P \ .02). Of the 4 hop tests, the 6-m timed hop and the crossover hop were the best predictors and the only 2 tests in which the confidence intervals of the discriminatory accuracy (AUC) were above 0.5. With a specificity of 90% (Table 6 ), the 6-m timed hop test was the most useful test for identifying patients with self-reported knee function below normal ranges at 1 year. The crossover hop test had a sensitivity of 88% (Table 6) and was thus the test that most accurately identified patients with knee function within normal ranges. These results have significant implications for the clinical management of patients after ACL reconstruction as the ease of application of these hop tests allows for a practical method to determine the need for directed interventions to restore medium-term knee function.
In the current study, the 6-m timed hop was the strongest independent predictor and had the highest discriminatory accuracy. Patients with knee function below normal ranges were more than 5 times more likely to have 6-m timed hop LSI lower than 88% at 6 months than those with knee function within normal ranges. Previous work by Fitzgerald et al 11 has shown that the 6-m timed hop along with other variables can identify those with poor dynamic knee stability from those with good knee stability early after ACL injury. In those individuals with good dynamic knee stability, this test can also discriminate between those who did not successfully return to high-level sports from those who did. 11 The 6-m timed hop, the least demanding hop, 23, 46 can effectively challenge neuromuscular control in patients who have deficits in limb-to-limb differences. These asymmetries strongly predict those who will have knee function below normal ranges at 1 year. Limb asymmetries may be the result of underlying impairments, such as quadriceps weakness, 26, 53 that may contribute to low hop performance and should be identified and corrected. In addition, limb asymmetries in athletes may result in suboptimal performance on the playing field and are linked with an increased risk of a second ACL injury. 22, 38, 43 Sportsspecific activities are more challenging than landing from a planned hop in a controlled environment, and thus the deficits seen in single-legged hop performance may be magnified in sports-specific activities, potentially predisposing the ipsilateral or contralateral knee to injury. Our data suggest that patients demonstrating an LSI less than 88% on a 6-m timed hop test may benefit from continued rehabilitation to address impairments and functional performance in an attempt to normalize function. 35, 42 Restoration of symmetrical function between limbs remains an important goal of postoperative rehabilitation, and limb asymmetry for all patients remains a risk for poor knee function.
The crossover hop predicted knee function within normal ranges, with similar predictive ability and discriminatory accuracy as the 6-m timed hop. Patients with knee function within normal ranges were 4 times more likely to have crossover hop LSI greater than 95% than those with knee function below normal ranges. The crossover hop is the most demanding hop test as it imposes forces in frontal and transverse planes, combined with multiple hops in the sagittal plane. Side-to-side differences are minimized in these patients, likely indicating superior neuromuscular control, therefore increasing the probability of knee function within normal ranges at 1 year. These patients appear to have improved their ability to generate and attenuate forces on the involved limb. 35, 37 Furthermore, patients with high limb symmetry after ACL reconstruction favor the involved limb less during functional activities, are more confident in its function, move more symmetrically, and are more likely to attempt full competition sports. 3, 31 Patients with minimal side-to-side differences on the crossover hop test at 6 months possibly will have good knee function at 1 year if they continue with their current training regimen.
The timing of hop testing affects prediction models. Conducting hop tests 6 months after ACL reconstruction is appropriate for predictive purposes. The ability to predict knee function is better after a period of rehabilitation than acutely after injury or surgery. 9, 19 Six months after surgery is a typical time point in which patients begin to transition to sports or preinjury activities, 30 so administering hop testing at this time point provides clinicians valuable information relevant to patients' current function, their progress during rehabilitation and the necessity for additional rehabilitation, and their readiness to return to sporting activities.
Self-reported measures are frequently used as an outcome variable for knee function. 8, 29, 51 Patient demographics, health behaviors, concomitant injuries, meniscal surgery, and knee extension range-of-motion loss have been identified as predictors of self-reported knee function. 21, 29, 44 Lower knee function based on self-report outcomes after ACL reconstruction has been associated with lower patient satisfaction and fear of reinjury. 28, 31 Impaired medium-term self-reported knee function was predictive of symptomatic radiographic knee osteoarthritis 10 to 15 years after reconstruction. 41 Being able to ascertain after ACL surgery those patients who will more likely have knee function below normal ranges highlights the importance of identifying modifiable predictive factors, such as the 6-m timed hop LSI, that can be readily administered by clinicians to develop targeted interventions to potentially improve knee function, increase patient satisfaction, and reduce the risk of symptomatic arthritis.
Preoperative hop testing was not predictive of postoperative knee function. Eitzen et al 8 found that neither the preoperative triple nor the stair hop test was predictive of knee function 2 years after reconstruction. The LSI after preoperative rehabilitation does not delineate between those who will have IKDC 2000 scores within normal ranges compared with those with scores below normal ranges 1 year after surgery. The median LSI for all hop tests preoperatively was greater than 93% after preoperative neuromuscular rehabilitation, indicating as a group, patients were able to achieve adequate limb symmetry in all 4 hops. Although prediction is better after rehabilitation than before rehabilitation, the ACL reconstruction is a ''game-changer,'' and the passive stability it provides likely makes the preoperative functional hop performance irrelevant to outcome after ACL reconstruction. 34, 48 Although preoperative impairments, such as quadriceps weakness and knee extension range of motion, can influence knee function after reconstruction, 8, 50 preoperative hop performance does not predict postoperative knee function.
Furthermore, in patients who are treated nonoperatively, hop tests provide a different assessment. Fitzgerald et al 11 found that the 6-m timed hop test along with other measures can predict return to previous activity level in the short term. In a prospective cohort study in nonoperatively treated individuals with ACL injury, Grindem et al, 16 using a similar design and methodology of the current study, reported that only the single-hop test significantly predicted self-reported knee after 1 year. Therefore, the effect of a stabilization procedure such as ACL reconstruction may affect which hop tests predict knee function.
Limitations
Many factors may contribute to the failure to achieve selfreported knee function within normal ranges. Our group was young and active and may only be generalizable to this physically active age population. This study had some incomplete data. Some patients did not meet the minimal criteria for allowing hop testing (weakness, effusion, recurrent instability) at each time period. The results can only be generalized to those with isolated ACL injuries or asymptomatic concomitant injuries and cannot be generalized to individuals with symptomatic concomitant injuries. The hop test battery was administered in the same fashion each session 11, 40 and may not be generalized to different hop test paradigms. A portion of patients did not complete either 6-month or 1year testing, reducing the participants available for analysis.
CONCLUSION
Preoperative hop tests are not predictive of knee function after ACL reconstruction. Hop tests are clinically useful in predicting future outcomes 16 as individual hop tests 6 months after ACL reconstruction can predict who will have knee function within or below normal ranges in the medium term (1 year after ACL reconstruction). These tests have considerable implications on clinical decision making on future knee function as they can be used to inform the clinician and patient about the patient's likely prognosis and the development of directed rehabilitation to address hop limb asymmetries to promote normal knee function.
